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Abstract  
The po la r i za t ions  of Lyman alpha rad ia t ion  produced (1) by 
e lec t ron  impact on atomic and molecular hydrogen and ( 2 )  by e l e c t r i c  
f i e l d  quenching of metastable 2s hydrogen atoms have been measured. 
The po la r i za t ion  analyzer was a LiF c r y s t a l  s e t  at the  Brewster 's 
angle,  with r e f l e c t e d  r a d i a t i o n  being detected by an iodine  vapor 
photon counter.  Generally good agreement between the  measured 
po la r i za t ion  f r a c t i o n s  and recent  t h e o r e t i c a l  predic t ions  was found. 
The rad ia t ion  produced by quenching metastable atoms i n  an e lec t ron  
f i e l d  was found t o  be polar ized  with a po la r i za t ion  f r a c t i o n  of 
-0.30 k 0.02 which compares with t h e  t h e o r e t i c a l  value -0.323. 
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I, INTRODUCTION 
Lyman alpha rad ia t ion  emitted from hydrogen atoms exci ted  by 
e lec t ron  impact w i l l  be p a r t i a l l y  polarized s ince  the  exci ted  magnetic 
substa tes  a r e  it3 generol 'not ' ,equal ly  populated, The po la r i~za t ion l  
i s  c h a ~ a c t e r i z e d  i n  terms1 df an .experiment i n  which a beam1 d f  e lea t rons  
moves i n  t he  z di rec t ion  and the  rad ia t ion  i s  observed at  90° with 
respect  t o  t h e  e lec t ron beam. I f  111 i s  defined a s  the  i n t ens i t y  of 
rad ia t ion  observed with t he  e l e c t r i c  vector p a r a l l e l  t o  the  d i rec t ion  
of t he  e lec t ron  beam and 11 as  t he  i n t ens i t y  with the  e l e c t r i c  vector 
perpendicular t o  the  e lec t ron beam's d i rec t ion ,  the  polar iza t ion 
f r ac t i on ,  P,  i s  given by 
The same def in i t ion  can apply t o  t he  case of quenching of metastable 
2s hydrogen atoms i n  an e l e c t r i c  f i e l d ,  where the  d i rec t ion  of t h e  
quench f i e l d  replaces the  d i rec t ion  of the  e lec t ron beam. 
This paper describes three  r e l a t ed  experiments designed t o  
measure the  polar iza t ion f r ac t i on  of Lyman alpha rad ia t ion  produced 
by t he  following mechanisms : ( 1) e lec t ron  impact exc i t a t ion  of 
hydrogen atoms; ( 2 )  e lec t ron impact d issocia t ive  exc i t a t ion  of 
hydrogen molecules; ( 3 )  quenching of metastable ~ ( 2 s )  atoms i n  a 
weak e l e c t r i c  f i e l d ,  Some of t he  da ta  have been reported previously. 1 , 2  
The present  r e s u l t s  represent  t h e  completed research e f f o r t .  
3  F i t e  and Brackmann have previously attempted t o  measure the  
polar iza t ion f rac t ion  f o r  Lyman alpha impact rad ia t ion  i n  e + H 
c o l l i s i o n s  by observing t h e  i n t e n s i t y  of r ad ia t ion  per  u n i t  s o l i d  
angle 1(0) emitted a t  an angle 0  with respect  t o  t h e  e lec t ron  beam 
and r e l a t i n g  it t o  t h e  t o t a l  i n t e n s i t y  IT of emitted rad ia t ion ,  
The po la r i za t ion  f r a c t i o n  w a s  determined from measurements of 
1(45O), 1(90°),and 1(135'), where the  c r i t e r i o n  f o r  accep tab i l i ty  of 
data  was t h a t  1(45O) = 1(13S0) a s  required by symmetry of e l e c t r i c  
dipole radia t ion.  Cumulative uncer ta in t i e s  were l a rge  i n  general ,  
and add i t iona l  problems were encountered a t  very low energies where 
it was found t h a t  1(45O) exceeded 1(135O). A t  energies above 25 eV, 
however, F i t e  and Brackmann used t h e i r  experimental values of P t o  
r e l a t e  the  t o t a l  cross sec t ion  €$, f o r  Lyman alpha e x c i t a t i o n  t o  a 
cross sec t ion  Q by 90 
'90 i s  a  f i c t i t i o u s  cross sec t ion  t h a t  would be deduced from i n t e n s i t y  
measurements made a t  0  = 90° on t h e  assumption t h a t  t h e  rad ia t ion  i s  
i s o t r o p i c a l l y  d i s t r i b u t e d  a t  a l l  e l ec t ron  energies.  
Subsequent experiments using s imi la r  techniques have concentrated 
4-6 
on measurements of Q 90 ' A r e l i a b l e  experimental determination 
of t h e  po la r i za t ion  f r a c t i o n  the re fo re  not only provides add i t iona l  
information concerning t h e  d e t a i l s  of t h e  e x c i t a t i o n  cross sec t ion by 
determining t h e  r e l a t i v e  populations of t h e  degenerate magnetic 
substa tes  but  a l s o  enables t h e  avai lable  $O exper2mental da ta  t o  be 
compared with ca lcula t ions  of t h e  t o t a l  cross sec t ion.  
3 F i t e  and Brackmann have a l s o  measured t h e  Q cross sec t ion  90 
f o r  uv rad ia t ion  exci ted  i n  e -+ H2 c o l l i s i o n s  and t ransmit ted  through 
t h e  transmission windows of an oxygen f i l t e r .  I n  extending these  
7 r e s u l t s  Vroom and de Heer have spectroscopical ly i d e n t i f i e d  t h e  
"count able uv s a d i a t  ion" measured by F i  t e  and Brackmann a s  predominantly 
Lyman alpha, Polar iza t ion measurements of t h e  emitted rad ia t ion  
enable a  determination of t h e  t o t a l  cross sec t ion  f o r  d i s soc ia t ive  
e x c i t a t i o n  t o  t h e  H(~P) s t a t e s  using Eq, (3)  and t h e  a v a i l a b l i  
go data.  Addit ionally they a r e  necessary t o  understanding t h e  d e t a i l s  
of t h e  d i s soc ia t ive  e x c i t a t i o n  process. 798 
The po la r i za t ion  of t h e  Lyman alpha rad ia t ion  emitted by metastable 
~ ( 2 s )  atoms i n  a  weak e l e c t r i c  f i e l d  has been previously discussed 
t h e o r e t i c a l l y  by ~ i c h t e n ~  and is  of p r a c t i c a l  importance s ince  e l e c t r i c  
f i e l d  quenching of ~ ( 2 s )  atoms i s  o f t en  used t o  determine Q cross 9 0 
sect ions  f o r  t h e  production of ~ ( 2 s )  metastables. 10-12 The 
following paper discusses t h e  s igni f icance  of t h i s  measurement i n  more 
d e t a i l .  
11. L W  ALPHA IMPACT RADIATION I N  e + H COLLISIONS 
A, 
A schematic of t h e  experimental apparatus i s  shown i n  Pig. lo 
Hydrogen was thermally d issocia ted  i n  a tungsten furnace maintained 
a t  T = 2600°K i n  t h e  f i r s t  of th ree  d i f f e r e n t i a l l y  pumped chambers. 
The atomic beam was mechanically in te r rup ted  a t  270 Hz by a chopper 
- 
wheel i n  chamber 2 and was crossed by an e lec t ron  beam i n  chamber 3. 
The gold-plated e lec t ron  gun wax a modified version of a source 
described by Simpson and ~ u ~ a t t ' ~  and produced currents  of about 3 
IJA a t  t h e  lowese eaae~gies,  Magnetic f f  e lds  were not used t o  coll imate 
t h e  e lec t ron  beam s ince  a f i e l d  component perpendicular t o  t h e  
e lec t ron  beam may be s u f f i c i e n t  t o  remove t h e  degeneracy among t h e  
magnetic sublevels  of t h e  exc i t ed  s t a t e  and thus decrease %he 
po la r i za t ion ,  l 4 J 5  Even a pure a i a 4  f i e l d  may introduce depolar- 
f z s t i o n  due t o  t h e  h e l i c a l  t r a j e c t o r i e s  of t h e  e lec t rons  about t h e  
z di rec t ion ,  A gaussmeter revealed t h e  presence only of t h e  e a r t h ' s  
magnetic f i e l d  i n  t h e  in tesact fon region which was e l e c t r o s t a t i c a l l y  
shieltled by high transn6ssfon gold mesh screen,  Other surfaces 
surrounding t h i s  region were made from OFHC copper ~ n d  gold-plated 
i n  %he s m e  bath  t o  minimize e0n"ec-b p o t e n t i a l  d i f ferences ;  they 
were a l s o  heated t o  about 2 0 0 " ~  during t h e  experiments t o  hinder t h e  
buildup of insu la t ing  l ayers ,  
Ions formed i n  t h e  i n t e r a c t i o n  region d r i f t e d  downstream and 
were focused i n t o  a quadrupole mass f i l t e r  where they were analyzed 
i n  order t o  determine t h e  e lec t ron  gun c h a r a c t e r i s t i c s  and t h e  d i s soc ia t ion  
of t h e  hydrogen b e m .  The d i s soc ia t ion  f r a c t i o n  D i s  defined i n  terms 
of t h e  current  of p a r t i c l e s  N of atomic mass A leaving t h e  furnace,  A 
4- + 
and was determined by mass spectrometric sampling of t h e  H and H2 1 
beam d e n s i t i e s .  In jce-ms of .the zleas'ured ion. currents  Sl and 
S p  and the  known ion iza t ion  cross sec t ions  Q~(E) and Q*(E)'~, the  
d i s soc ia t ion  f r a c t i o n  was obtained from t h e  expression 3 
Dissociat ion f r a c t i o n s  of about 0,8 were normally used except near 
threshold where a very low e  =+ H2 cross sec t ion f o r  emission of 
countable uv r a d i a t i o n  re l ieved t h e  need f o r  beam homogeneity and made 
p r a c t i c a l  t h e  use of g rea te r  furnace pressures f o r  increased beam 
dens i t i e s .  Dissociat ion f rac t ions  as  small as  0,5 were used a t  the  
lowest energies,  
The absolute energy and t h e  energy d i s t r i b u t i o n  of e lec t rons  i n  t h e  
beam were determined from curves of fonfzation of H a s  a  function of 
e lec t ron  energy i n  t h e  immediate v i c i n i t y  of threshold ,  On t h e  
assumption "cat t h e  ionizat ion cross sec t ion  curve i s  l i n e a r  with 
excess energy, y  = E - Eo, where Eo i s  t h e  known threshold f o r  
ioniza t ion,  it can be shown t h a t  t h e  second der iva t ive  of t h e  curve of 
ion s i g n a l  vs ,  y  y i e l d s  t h e  energy d i s t r i b u t i o n  and t h a t  t h e  energy a x i s  
in te rcep t  of the  extrapolated s igna l  ewve f o r  t he  f i r s t  two or  
th ree  eV above threshold occurs when t he  average e lec t ron  energy 
equals E Although recent  data  of McCowan and clarke17 ind ica te  0 * 
t h a t  l i n e a r i t y  of the  ionizat ion cross sect ion with excess energy 
i s  not  s t r i c t l y  true, t h e  procedure can evidently be used with 
e r r o r s  i n  t he  absolute energy of subs tan t ia l ly  l e s s  than 0.9 e V  and 
with negl ig ible  e r ro r  i n  the  energy d i s t r i bu t i on ,  FOP our e lec t ron  
gun t h i s  procedure gave an energy d i s t r i bu t i on  described by the  expression 
where A i s  % constant and y i s  given i n  eV, 
The Lyman alpha rad ia t ion  was detected by an iodfne-vapor-filled 
uv photon counter18 preceded by a dry oxygen f i l t e r .  Phase-sensitive 
detect ion was employed i n  all measurements of photon o r  ion i n t e n s i t i e s .  
The data  could be displayed e i t h e r  i n  in tegrated form on a pen 
recorder o r  i n  d i g i t a l  form on a s e t  of synchronous sca le r s .  In t he  
case of photon measurements, t he  gate  output of an oscilPoscope acted 
as a pulse amplif ier  f o r  %he 0 , l  1T pulse from the  photon counter, The 
count was then reg i s te red  on e i t h e r  of two s ea l e r s  which were being 
switched a t  the  modulation frequency by an o s c i l l a t o r  whose phase was 
synchronized with a s igna l  previded by a l i g h t  bulb etnd photocell  
attachment mounted near t he  chopper wheel, The phase of t he  reference 
s i gna l  could be varied i n  a phase-lock amplif ier  u n i t ,  When the  
phase was properly adgusted one of the  sca le r s  would record the  s igna l  
due t o  t h e  beam plus background and the  other would record only t h e  
background s i g n a l ,  The di f ference  i n  t h e  two readings would be t h e  
s i g n a l  due t o  t h e  bean in te rac t ions  alone,  A t  t h e  same Lime t h e  
pulses from t h e  osci l loscope could be amplified on a  tuned ampl i f ier  
and phase-sensitive detec t ion ca r r i ed  out with a  conventional phase 
demodulator a s  described by F i t @  and Brackmann. l6 i n  t h e  case of 
ion current  measurements, t h e  same v e r s a t i l i t y  was avai lable .  The 
output of t h e  e lec t ron  mul t ip l i e r  and preamplif ier  could e i t h e r  be 
connected d i r e c t l y  t o  t h e  switching c i r c u i t  o r  t o  t h e  tuned amplif ier  
and phase demodulator, 
The po la r i za t ion  f r a c t i o n  was measured d i r e c t l y  with a Brewster 's 
angle analyzer,  a  erystaE of LfF, 1,5 m i n  thickness and 2.5 em in 
diameter, mounted so  t h a t  r ad ia t ion  emitted a t  go0 with respect  t o  
both atom and e lec t ron  beam s t r i k e s  t h e  plane-faced c r y s t a l  a t  an 
re-igle of 60' with respect  t o  t h e  normal. Radiation r e f l e c t i n g  from 
t h e  c r y s t a l  was plane-polarfzed and w a s  detected by the  photon counter 
located  at t h e  mirror  angle, Both t h e  analyzer and photon counter 
were mounted on iz p l a t f o m  which r o t a t e s  about t h e  x  axis .  With t h e  
platform a s  shown i n  Fkg. 2 ( t h e  90° p o s i t i o n ) ,  radia-hion whose 
e l e c t r i c  f i e l d  vector  was perpendicular t o  t h e  e lec t ron  bean 's  d i r e c t i o n  
was comple-tely t ransmit ted  by the  c r y s t a l  and t h e  only s i g n a l  r e g i s t e r e d  
by t h e  photon counter should be proport ional  t o  111 . Upon r o t a t i n g  t h e  
platform 1 / 4  revolution about the  x ax i s  t o  t h e  O9 o r  180' pos i t ion ,  
r ad ia t ion  whose e l e c t r i c  vector  was p a r a l l e l  t o  t h e  e lec t ron beam's 
d i rec t ion  was t ransmit ted  by t h e  c r y s t a l  and t h e  counter should respond 
only t o  IL, The po la r i za t ion  f r a c t i o n  was then determined d i r e c t l y  
from t h e  d e f i n i t i o n  given i n  Eq. (l), 
The experimental proeedure was f i r s t  t o  measure o r  T go0 ; 
r o t a t e  the  platform counterclockwise and measure IOo; r o t a t e  and 
remeasure I go0 ; r o t a t e  clockwise and measure I 18000 The measure- 
ments of 11 i n  t h e  two opposite pos i t ions  should be equal. and 
serve as  a check on poss ib le  asymmetries due t o  misalignment. The 
cycle was then repeated t o  accumulate more d a t a  and obta in  b e t t e r  
s t a t i s t i c s .  The e f f e c t  of slow d r i f t s  caused by heat ing o r  cooling 
of t h e  photon counter and by changes i n  vacuum and fwnace  conditions 
-tended therefore  t o  average out;, Counting times f o r  each measurement 
4- 9 
ranged from 9 t o  5 min, The Hl and H2 ion  cur ren t s ,  S and S 2 ,  l 
could be moni'tored throilghout on t h e  recorder and were required t o  
remain constant t o  within 2%, I n  the  threshold range 10-14 eV, t h e  
e lec t ron  energy ca l ib ra t ion  was checked before and a f t e r  each da ta  
run at a given energy, 
The observed count r a t e s  were subgect t o  two correc t ions ,  The 
f i r s t  was a correc t ion f o r  t h e  l o s s  of counts due t o  sa tu ra t ion  e f f e c t s  
of t h e  photon counter which had a measured dead time of 500 usec. 
However t h e  observed count r a t e s  were kept s u f f i c i e n t l y  low t h a t  t h e  
correc t ion f o r  t h e  l o s s  of counts would be much smaller  than t h e  
s t a t i s t i c a l  e r r o r  i n  counting, 
Next the  observed count r a t e s  were c o r r e c t ~ d  f o r  %he photon 
s i g n a l  due t o  the  presence of molecular hydrogen i n  t h e  beam, The 
furnace was lowered t o  a temperature T near 1200°K where t h e  0 
dissoc ia t ion  f r a c t i o n  D ( T ~ )  was zero and t h e  photon s igna l  I ' ~ ) ( T ~ )  
due t o  H alone was measured. The s igna l  1 ( l 1 ( T )  a t t r i b u t e d  t o  H a t  2 
temperature T i s  then given by 3 
( T )  = I T )  - I 2 ( T 0  ( T ~ / T ) ~ / *  [ l  - D(T)] , 
where I ( T )  i s  t h e  ac tua l  measured photon s igna l .  Since t h e  po la r i za t ion  
f r a c t i o n  f o r  t h e  rad ia t ion  emitted i n  e + H2 c o l l i s i o n s  was known 
( s e e  Sec, 111) , t h i s  procedure had t o  be ca r r i ed  out only i n  one 
platform pos i t ion  at each energy. The correct ion term i n  Eq. ( 7 )  was 
about 3% of I ( T ) .  
The f i n a l  s t e p  i n  t h e  analys is  was t o  cor rec t  a l l  po la r i za t ion  
f r a c t i o n s  f o r  t h e  analyzer po la r i za t ion  e f f i c iency  E which r e l a t e s  t h e  
t r u e  po la r i za t ion  P t o  t h e  apparent po la r i za t ion  P A ' 
I f  a l l  of t h e  rad ia t ion  were incident  a t  t h e  Brewster's angle,  E = 1. 
However not a l l  of t h e  rad ia t ion  s t r i k e s  t h e  LiF c r y s t a l  at  t h e  
Brewster's angle. Since t h e  r a d i a t i o n  source i s  a small volume a t  a 
shor t  d is tance  r a t h e r  than a plane wave source, and s ince  t h e  
diameter of t h e  counter window was of f i n i t e  s i z e  r a t h e r  than being a 
pinhole,  t h e r e  was a range of angles of incidence of t h e  detected 
r a d i a t i o n  on t h e  LiF surface.  I n  p r a c t i c e  i n  t h i s  experiment, some 
r a d i a t i o n  s t r i k i n g  t h e  LfF surface  a s  much as  h0 from t h e  Brewster 's 
angle could be detected. The degraddfon caused by the spread of angles 
is  not  a  ser ious  problem, however, as can be seen from Fig.  3 which shows 
t h e  r e f l e c t i o n  coef f i c ien t s  f o r  t h e  p a r a l l e l  (P)  and perpendi c u l a r  ( s ) 
components of r ad ia t ion  a s  a function of angle and ind ica tes  t h e  very low 
r e f l e c t i v i t y ,  Rp, over a  wide range i n  t h e  v i c i n i t y  of t h e  Brewster 's 
angle m d  i t s  very slow var ia t ion .  Rather than independently measure 
t h e  Brewster 's angle and ca lcu la te  t h e  i n t e g r a l  over t h e  angles of 
incidence t o  determine E,  t h e  po la r i za t ion  e f f i c iency  was determined 
experimentally by using an i d e n t i c a l  c r y s t a l  t o  polar ize  an unpolarized 
photon beam which had been exci ted  i n  high energy e + H c o l l i s i o n s  
and which was incident  a t  t h e  assumed Brewster's angle. The r e f l e c t e d  
rad ia t ion  was then analyzed and t h e  apparent po la r i za t ion  was assumed 
2 t o  be given by P = E , For an assumed Brewster 's angle of 60' and 
f o r  a  r a d i a t i o n  source with 4' half-angle cone of incidence E was 
measured t o  be 0.94. A l l  po la r i za t ion  measurements were therefore  
corrected by increasing t h e  apparent f r a c t i o n s  according t o  Eq. ( 8 ) .  
B. Discussion of Results  
The bas ic  experimental r e s u l t s ,  t h e  r a t i o  I,\/fL a s  a function of 
e lec t ron  energy, a r e  p lo t t ed  i n  Fig. 4. Figs.  5 and 6 show t h e  
po la r i za t ion  f r a c t i o n ,  P,  obtained by applying t h e  d a t a  of Fig. 4 t o  
Eq. (1). Available theore t icaP results1 f o r  P , a re  aLso shown i n  
Figs. 5 and 6. A l l  but  one of t h e  ca lcula t ions  consider only d i r e c t  
exc i t a t ion  of t h e  2P s t a t e  and t h e  po la r i za t ion  of t h e  subsequent 
emitted rad ia t ion ;  t h e  ca lcu la t ion  of Morrison and ~ u d ~ e ~ '  a l s o  accounts 
f o r  cascade e f f e c t s .  The e r r o r  bars  on a l l  t h e  f igures  represent  
standard deviat ions based on the  accumulated data  a t  each energy. 
It can be seen i n  Fig. 5 t h a t  t h e  Born approximation19 i s  i n  
reasonable agreement with t h e  experimental da ta  above 20 eV and t h a t  
most of t h e  o ther  approximations 20-23 do not  d i f f e r  s i g n i f i c a n t l y  
from t h e  Born. The Born-Oppenheimer and 1st order exchange approx- 
imations y i e l d  very nearly t h e  same po la r i za t ion  f rac t ions  a s  t h e  
Born approximation at high energies and therefore  only a s ingle  low 
energy value i s  p lo t ted  f o r  each, The experimental polar izat ions  
a r e  s l i g h t l y  greater  than the  high energy approximations throughout 
t he  range 20-250 eV. Long e t  have estimated t h a t  2% of t he  
photon s igna l  measured at O = 90' (I), + I ~ )  i s  due t o  t he  population 
of t h e  2P s t a t e s  by.cascade processes and not by direCt excit&kion, 
Assuming t h a t  t he  magnetic substa tes  a re  equally populated by 
cascade t r ans i t i ons ,  the  experimental polar izat ion f rac t ions  would 
have t o  be increased by about 2% a t  the  higher energies. 
The varia'bional Born calcula t ion by Morrison and ~ u d ~ e ~ '  can be 
compared d i r ec t l y  with the  experimental data. It can be seen t h a t  
the  calcula t ion i s  i n  disagreement with experiment and the  approximation 
does not accurately predic t  t h e  r e l a t i v e  populations of the  degenerate 
magnetic substa tes  as  a function of e lect ron energy. This indicates  
t h a t  the  close agreement with experiment which i s  obtained i n  t he  
calcula t ion by t h i s  approximation of t he  Q cross section fo r  Lyman 90 
alpha exci ta t ion may indeed be for tui tous .  
The 1s-2s-2P 3-state close-coupling approxim&ion appears t o  
give the  bes t  agreement i n  t he  shape of the  polar izat ion function. 
It overestimates t he  polar izat ion f rac t ion  by about 15% a t  the  peak 
value and underestimates a t  higher energies i n  c lose  agreement with 
t he  Born approximation. 
Figure 6 i l l u s t r a t e s  the  near-threshold dependence of t he  polar izat ion 
f rac t ion ,  The t heo re t i c a l  eeleulat ions represented are t he  1s-2s-2P 
close-coupling approximations both with (CCW) 25 and without ( ccwo ) 26 
corre la t ion terms included t o  account f o r  electron-electron in te rac t ions ,  
The former i s  su f f i c i en t l y  de ta i l ed  t o  allow t h e  experimental e lec t ron  
energy d i s t r i b ~ t i o n  t o  be folded i n t o  t he  theose t ica l  curve resu l t ing  
i n  a predicted experimental energy dependence. It can be seen t h a t  
t o  within t he  l i m i t s  of resolut ion of t he  e lect ron gun the  polar izat ion 
data  do not tend t o  the  Percival  and Seaton l i m i t  of 0,42 a t  
threshold. 27 The shape and absolute magnitude of t he  polar izat ion data  
appear t o  be i n  excellent  agreement with t he  CCW calculations as  wel l  
as t h e  th ree  CCWO points. However, because of t h e  broad energy dis-  
t r i bu t i on  of the  e lect ron gun used and t he  s c a t t e r  i n  the  data  
obtained, it i s  not possible unequivocally t o  ver i fy  the  existence 
of t h e  predicted resonances a t  t he  n  = 2 threshold and jus t  below the  
n  = 3 threshold. 
F i e r e  7 shows curves of t he  r e l a t i v e  s igna l s  observed f o r  each 
component of polar izat ion a s  a function of energy i n  the  near 
threshold region, The observations were made a t  an angle of 90' with 
respect  t o  the  e lect ron beam d i rec t ion ,  Figure 7 also shows t he  t o t a l  
cross sect ion,  QT, f o r  production of Lyman alpha radia t ion.  This 
was obtained from the  ea s i l y  derivable re la t ionsh ip  
Assignment of absolute values were made by taking t he  value of Q 9 0  
a t  11 eV t o  be 0*259 nao2, t h i s  value being given by Long e t  a l e  2 4 
The knee i n  the  three  curves i s  s imilar  t o  t h a t  observed by 
Chamberlain e t  a l e 5  i n  t h e i r  threshold s tudies  of Q 90 ' The theo re t i c a l  
curve of Burke e t  i s  shown fo r  comparison. 
111. LYMAN ALPHA IMPACT RADIATION I N  e  + H2 COLLISIONS 
The polar izat ion of t he  countable impact rad ia t ion  emitted i n  
e lect ron co l l i s ions  with room temperature molecular hydrogen was 
measured using t h e  i den t i ca l  apparatus and procedure as previously 
described i n  Sec. I1 and these  resulks a re  i l l u s t r a t e d  i n  Figs.  
8 and 9, As the  e lect ron energy decreases, t he  polar izat ion f r ac t i on  
increases t o  a maximum of 0,09 + 0,015 a t  about 30 ev, decreases 
rapidly  t o  a minimum at about 17 eV, and increases once again t o  a 
peak of 0,13 + 0.015 at  about 1 4  ev, The r e l a t i v e  Q cross sect ion 9 0 
fo r  exc i ta t ion  of countable uv rad ia t ion  from molecular hydrogen was 
determined i n  t h e  energy range 12-22 eV from the  sum of t he  
experimental i n t e n s i t i e s  I and I and i s  a l so  i l l u s t r a t e d  i n  Fig,  9. I I 1 
Since the  threshold f o r  d issocia t ive  exc i ta t ion  of molecular 
hydrogen i s  ab0u.t; 1 4 ~ 6  eV, Figs, 8 and 9 suggest t ha t  the  radia t ion 
detected above about 15  eV i s  mainly Lyman alpha i n  agreement 
with t he  observations of Vroom and de ~ e e r . ~  The p a r t i a l l y  polarized 
rad ia t ion  below 15 eV can be a t t r i bu t ed  t o  exc i ta t ion  t o  the  B or  C 
e lect ronic  s t a t e s  of t h e  molecule which have respective onset energies 
of P1,5 and 12,6 eV. 
IT, L ALPHA Q m C H  RADIATION 
a,  
I n  order t o  measwe t h e  pe la r i za t fon  of Lyman alpha rad ia t ion  
emitted by metastable ~ ( 2 s )  atoms quenched i n  e l e c t r i c  f f e lds  of about 
$0 V/cm, t h e  atoms exci ted  i n  e 9 K c o l l i s i o n s  were allowed t o  t r a v e l  
downstream along t h e  atom b e m  t o  a region where the re  was l i t t l e  
background s i g n a l  from t h e  eleetron-atom i n t e r a c t i o n  region,  A uniform 
e l e c t r i c  f i e l d  was es tab l i shed  i n  this region with a p a i r  of 16 em 
square gold-plated copper p l a t e s  biased at apposi te  p o t e n t i a l s  +V 
m d  -V with respec% t o  gromd, The dis tance  between these  inner  p l a t e s  
was 7.6 emso t h a t  it was not poss ib le  f o r  r a d i a t i o n  emitted i n  %he quench 
region %o be  r e f l e e t e d  from t h e  quench p l a t e s  and up f n t o  %he Brewster's 
angle analyzer I sea ted  above t h e  center of t h e  quench region a s  
i l l u s t r a t e d  i n  Fig. PO, A set of p o t e n t i a l  image p l a t e s ,  a  d is tance  of 
3 c from t h e  inner  p l a t e s ,  w a s  used t o  reduce t h e  magni-kude of t h e  
f r inge  f i e l d s ,  Elec t ro ly%ic  t ank  f i e l d  p l o t s  sf t h e  quenet region 
bounded by t h e  grounded analyzer pPa%fsm and e lec t ron  gun apparatus 
demostrated t h a t  $he e l e c t r i c  f f e l d  w a s  m f f o m  wi$h$kB t h e  p l a t e s  f o r  
a  length  of absuk T06  cm along t h e  hydrogen beam a x i s ,  An aper%we located  
f n  the ,malyzer p i a z f o m  6 c?~' &ove the hydrogen bean ~ n c f  t h e  
diameter of t h e  photon counter end-window l imi ted  t h e  r a d i a t i o n  enter ing 
t h e  counter 4x1 s half-angle cone of 15' emitted from a 3,8 cm length 
&long t h e  beam a x i s ,  This e f f e c t i v e  rad ia t ion  source represents  a 
worst case s i t u a t i o n  s ince  photon counters sf Lhis type a r e  l e s s  
s e n s i t i v e  t o  r a d i a t i o n  incident  off ax i s ,  2 0 
Measwed photon sfgnals had t o  d i s t f n ~ i s h  beeween %he modulated 
s igna l  due %o t h e  presence of  t h e  dc e l e c t r i c  f%e%d and the  modulated 
a i g n a  due Lo n a t u d  or @o%lisfsn-induced decay, T;&e l a t t e r  
cona%rfiu%ion was messwed w i % h  %:ha e lee t r ie  f i e l d  remo%~e(%~ Care w a s  
$&en $0 be cer ta in  t h a t  these  ~eoswcnalen$s octua%Q corresponded t o  
t h e  backgsond eonditfens when %he fffeld ves on, I n  pm$fcula%. the 
e f f ec t  of possible s t r ay  e lect rons  enterf~b@; %he a ~ e n e h  region w m  in-  
vestigated,  Instead of being s ~ e % r i c g t l ~  biseed about the gromded 
e lec t ron  impact region, %he quench plakss were re fe r red  t o  a var iable  
c i r c u i t  cornon, The f i e l d  stren&h and $he d m n s t r e m  l sca t fon  of t h e  
quench p l a t e s  were a lso  vmfed  mi% $he gold-p%saLed enclosure f o r  t h e  
elec%rsn gun elements was removed i n  order %s enhance t he  p s s s fb i l f t y  
f o r  s t r a y  electrons.  NQ ehmgee i n  $he polmfzeb$io%a f rac t ion  were 
obsemed, I n  adlca%tion %he po%mization f rac t ion  tracked the  d i rec t ion  
of %he a%actr ic  ifeBd when %he quench p la tes  were ro ta ted  90'~ I n  %his  
case transpmene gold-pla%ed gr ids  fnstead of s o l i d  p la tes  were used 
so %ha% %he be= d g h t  pa68 through t he  quench region,  C u e  was %&en 
so %hi%$ %he eomter did not observe %he non-wffom f i e l d  region near 
$he g ~ f  dg0 
B, Discussion s f  Wesats  
The obse~ved  p o % a ~ $ z ~ x i  on sf % p a n  alpha radf a t ion  emitted by ~(26) 
atoms i n  fieb& of about 16 V/cm was -6,30 ".A2 and appeared t o  be 
independient sf  electran e n e r a  i n  %he rmge 12-288 eV, The data were 
corrected f o r  the dead time sf t h e  photon ce)m%er, t he  presence of He 
in t h e  incompletely dfssoefated b e m ,  and an estfmatedl poPariefng . 
e f f i  eieney E - 0~8b. The sub$rae%fon of radf atfan due t o  $he presence 
of H would not be necessary i f  i t s  e f f e c t  were only t o  produce ~ ( 2 s )  2  
atoms through d i s soc ia t ive  exc i t a t ion ,  However, t h e  po la r i za t ion  
f r a c t i o n  of t h e  quench r a d i a t i o n  r e s u l t i n g  from e  + H2 c o l l i s i o n s ,  
although the  s l a t i s t i e s  were r a t h e r  poor, was measured t o  be on t h e  
order sf -0.9 a t  100 eV, suggesting t h a t  perhams some of ;he radlat i  on 
was a r i s i n g  from t h e  quenching of metastable molecular s t a t e s .  
The experimental value of -0.30 disagrees with t h e  predic t ion 
by ~ i c h t e n '  of zero polar iza t ion.  However, t h i s  discrepancy can be  
understood by reconsidering t h e  t h e o r e t i c a l  t reatment,  I f  a  thermal 
beam of atoms i n i t i  a l l y  prepared i n  t h e  metastable 2s s t a t e  1 /2  
i n t e r a c t s  with an e l e c t r i c  ffiel F9 t h e  perturbed wavefunctions a s  
ca lcula ted  i n  f i r s t  order s t a t ionary  s t a t e  per turbat ion theory 
neglect ing hyperffne s t r u c t u r e  a re  given by 
where t h e  azimuthal quantum number m takes  on t h e  values + l / 2  according 
t o  t h e  Stark e f f e c t  se lec t ion  r u l e  h .: 0 ,  and where 
us ing . the  nota t ion of Sch i f f ,  29 and E a r e  t h e  f i n e  s t r u c t u r e  31 
energy separat ions between t h e  2s s t a t e  and t h e  2P and 2P ll '2 l / 2  3/2 
s t a t e s  , respect ively ,  The eigenvectors i n  Eq, (10) are  t h e  usual  
well-known L-S coupled hydrogen wavefunctions. The t r a n s i t i o n  
p robab i l i ty  per  u n i t  t ime,  w9 i s  propor t ional  t o  t h e  sum of the  squares 
3 
of t h e  matrix elements of t h e  vector  r between t h e  doublet groundstate 
and t h e  perturbed wavefunctions, 
If t h e  matrix element connects s t a t e s  such t h a t  Am = 0, only t h e  z 
component o f ' t h e  d ipole  moment is ;  *non-vanikhing. The r a d i a t i o n  
corresponding t o  t h i s  t r a n s i t i o n  has i%s e l e c t r i c  f i e l d  vector  i n  t h e  
z d i r e c t i o n  of t h e  applied Stark  f i e l d ,  and has an i n t e n s i t y  proport ional  
t o  t h e  t r a n s i t i o n  p robab i l i ty  f o r  t h i s  process. If t h e  matrix element 
connects s t a t e s  with Am = +1, t h e  z component vanishes and t h e  x and y 
components of t h e  d ipole  moment a r e  equal t o  within a phase f a c t o r .  
For example, with m = 1 / 2 ,  t h e  matrix elements t o  t h e  groundstate a r e  
I d e n t i c a l  expressions a r e  obtained f o r  m = -112 except t h a t  t h e  second 
equation corresponds t o  a Am = + 1  t r a n s i t i o n .  Since t h e  po la r i za t ion  
i s  measured from a d i rec t ion  perpendicular t o  t h e  e lec t ron  beam, t h e  
i n t e n s i t y  corresponding t o  t h e  component of t h e  d ipole  moment along 
t h e  x a x i s ,  t h e  d i rec t ion  of observation,  i s  not observed and Il i s  a 
measure only of t h e  y component of t h e  dipole moment. The r a t i o  of 
I,, t o  I i s  obtained the re fo re  from t h e  square of t h e  z and y components L 
of t h e  d ipole  matrix elements i n  Eqs , (14 ) and (15 , 
It can be seen t h a t  i f  mixing t o  the  2P s t a t e  were considered 312 
negl igible  and were assumed %o be zero, t he  r a t i o  would be equal t o  
unity and the  polar izat ion would be zero, This was e s sen t i a l l y  t h e  
2  
calcula t ion described by L i  chten . However, although b  <<a2, t he  
in terference term ab can not be neglected. Using E /E = 9.4 ,30 the  31 11 
polar izat ion i s  calculated t o  be -0.329. 
Casalese and ~ e r ~ u o ~ ~ ~  have included t he  e f f ec t s  of hyperfine 
s t ruc ture  i n  a similar calcula t ion and have obtained a  t heo re t i c a l  
polar izat ion f rac t ion  of -0.323. While t h i s  i s  s t i l l  barely outside 
the  standard deviation uncertaalnty'of t he  measurements of -0.30 3. 0.02, 
we believe t h e  t heo re t i c a l  value i s  t o  be preferred.  The experimental 
conditions under which the  po la r ize r  eff ic iency E was measured t o  be 
0.94 were not i den t i ca l  t o  the  conditions of t he  quench radia t ion 
polar izat ion measurement. In  pa r t i cu l a r  i n  the  l a t t e r  experiment, the  
volume source of t he  rad ia t ion  t o  be detected was l a rge r  and t he  
analyzer could accept radia t ion entering over a cone of 15' ha l f  angle, 
Under these  conditions IZ could have been somewhat lower than 0.94 i n  
which event t he  corrected polar izat ion would have a  value i n  b e t t e r  
agreement with t he  t heo re t i c a l  value of Casalese and Gerjuoy, 
V CONCLUSIONS 
The po la r i za t ion  of Lyman alpha rad ia t ion  emitted i n  e  + H 
c o l l i s i o n s  has been measured i n  t h e  energy range 10-700 eV. With 
these  d a t a  it i s  now poss ib le  t o  determine t o t a l  cross sec t ions  f o r  
Lyman alpha exc i t a t ion  using previously measured Q cross sec t ion  90 
measurements. The near-threshold behavior of t h e  po la r i za t ion  
f r a c t i o n  seems t o  be r a t h e r  accura te ly  described by t h e  1s-2s-2P 
close-coupling approximation including 20 cor re la t ion  terms. It was 
expected from the  fo lding procedure t h a t  perhaps t h e  e f fec t  of t h e  
predicted resonance at 11.7 eV could be observed, However, t h e  da ta  
do not seem t o  support t h e  existence of such a  l a rge  and broad resonance. 
The experiment w i l l  have t o  be performed with an e lec t ron  gun capable.  
of b e t t e r  r e so lu t ion  before any f u r t h e r  conclusions concerning t h e  
resonant s t r u c t u r e  can be made, 
The po la r i za t ion  of countable uv rad ia t ion  emitted i n  e  + H2 
c o l l i s i o n s  was seen t o  have a  d e f i n i t e  energy dependence i n  t h e  energy 
range 12-200 eV, Relat ive  Q cross sec t ion  measurements i n  t h e  90 
energy range 12-22 eV suggest t h a t  t h e  r a d i a t i o n  detected above about 
15 eV i s  Lyman alpha emitted i n  t h e  d i s soc ia t ive  exc i t a t ion  of H2 i n  
agreement with t h e  r e s u l t s  of Vroom and de Heer. 7  
The po la r i za t ion  of Lyman alpha rad ia t ion  emitted by ~ ( 2 s )  atoms 
i n  weak e l e c t r i c  f i e l d s  was measured t o  be -0.30 + 0.02, i n  close 
agreement with t h e  t h e o r e t i c a l l y  expected value of -0.323. This a f f e c t s  
i n  p a r t i c u l a r  t o t a l  cross sec t ion  measurements of Stebbings e t  a1.l0 f o r  
exc t t a t ion  of H atoms t o  t h e  metastable 2s s t c t e  by increasing t h e i r  
resul-bs. A remeasurement of t h i s  cross sect ion u t i l i z i n g  the  r a t i o  
method of Stebbings e t  a l .  has been performed and is  discussed i n  the  
following paper. 
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FIGURE CAPTIONS 
Schematic of apparatus and detec t ion e lec t ron ics ,  
Experimental arrangement f o r  measurements of t h e  po la r i za t ion  
f r a c t i o n  of Lyman alpha impact r ad ia t ion  using a Brewster 's 
angle analyzer 
Calculated r e f l e c t i o n  coefficien ' ts  f o r  %he two po la r i za t ion  
components of r ad ia t ion  a% a d i e l e c t r i c  medium with an 
index of r e f r a c t i o n  of n  = 1.6  p l o t t e d  as  a  function of t h e  
angle of incidence, R and R a r e  t h e  r e f l e c t i o n  coef f i c ien t s  P S  
of the  components of r ad ia t ion  ~sh ich  have t h e i r  e l e c t r i c  
vector  i n  t h e  plane of and perpendicular t o  the  plane of incidence,  
respect ively ,  The plane of incidence contains t h e  normal t o  
t h e  surface  and t h e  incident  r ad ia t ion  propagation vector .  
LiF has an index of r e f r a c t i o n  of n  = 1 , 6  f o r  Lyman alpha rad ia t ion .  
Ratio of i n t e n s i t i e s  I and IL i n  t h e  energy range LO-700 eV, i \
Comparison of experimental values of t h e  Lyman alpha po la r i za t ion  
f r a c t i o n  with theory i n  t h e  energy range 10-700 eV, 
Comparison of experimental values of t h e  Lyman alpha po la r i za t ion  
f r a c t i o n  with theory i n  t h e  v i c i n i t y  of threshold.  
Comparison of experimental values of t h e  t o t a l  cross sec t ion ,  Q,.,,, 
with t h e  close-coupling theory of Burke e t  111 and 11 
J. 
a r e  t h e  r e l a t i v e  s igna l s  of each component of po la r i za t ion  
observed a t  an angle of 90' with respect  t o  t h e  e lec t ron  beam 
d i r e c t i o n  as a  function of energy, 
Polar iza t ion f r a c t i o n  of countable I2.v rad ia t ion  emitted i n  e  - H2 
c o l l i s i o n s  i n  t h e  energy range 12-200 eV, 
Po la r i za t ion  f r a c t i o n  of countable uv rad ia t ion  emitted i n  
e  - H c o l l i s i o n s  i n  t h e  range 12-22 eV. 2  
Experimental arrangement f o r  measurement of t h e  po la r i za t ion  
f r a c t i o n  of Lyman alpha rad ia t ion  emitted by ~ ( 2 s )  atoms i n  weak 
e l e c t r i c  f i e l d s .  
vaiuuan 
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Figure 1, Schematic of apparatus and, detection electronics. 
ELECTRON GUN 
Figure 2 ,  ExperimentaL arrangement f o r  measurements of t h e  
po la r i za t ion  f r a c t i o n  of Lyman alpha impact r a d i a t i o n  
using a Brewster 's angle analyzer. 
Angle of Incidence, i 
Figure 3. Calculated re f lec t ion  coeff ic ients  fo r  the two polarization 
components of radiat ion a t  a  d i e l ec t r i c  medium with an index of 
refract ion of n  = 1.6 p lo t ted  as a  function of the  angle of 
incidence. Rp and RE a re  the re f lec t ion  coeff ic ients  of the  
components of radiat ion which have t h e i r  e l e c t r i c  vector i n  
the plane of and perpendicular t o  the  plane of incidence, 
respectively. The plane of incidence contains the  normal t o  the  
surface and the incident radiat ion propagation vector. LiF has 
an index of refract ion of n  = 1.6 Cor Lyman alpha radiat ion.  
Figure 4. Ratio of intensities I and ILin  the energy range 10-700 eV. I I
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Figure 5. Comparison of experimental values of the L p a n  alpha pslmiz&.$.ion fraction 
with theo~y in the enerm range PO-780 eV. 
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Figure 6. Comparison of experimental values of t he  Lyman alpha 
polar izat ion f rac t ion  with theory i n  the  v i c fn i t y  of 
threshold. 
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Figure 7 .  Comparison of experimental values of t h e  t o t a l  cross sec t ion ,  
8, with the close-coupling theory of Burke e t  al. ?I 5 
are t h e  relative s igna l s  of each component of po la r i za t ion  
observed a t  an angle of 90' with respect  t o  t h e  e lec t ron  beam 
d i rec t ion  as a function sf energy. 
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Figure 10, Experimental rtrrmgement f o r  measurement of the po la r iza t ion  
f rac t ion  of Lyman alpha rad ia t ion  emitted by ~ ( 2 s )  atoms i n  
we& e l e c t r i c  f i e l d s .  
